REMARKS 

Amendments 

New claims 38-45 are directed to further aspects of applicants' invention. Support for 
these claims can be found throughout the disclosure. See, e.g., the examples of contrast 
agents described in the specification such as iotrolan, a monomeric, iodine-containing, 
non-ionic contrast agent, and a iopromide, a dimeric, iodine-containing, non-ionic contrast 
agent. See, e.g., page 6, lines 17-22 and the agents used in Examples 1 and 2. 

Rejection of Claims 1-17 Under 35 U,S,C. S103 

Claims 18-38 were rejected as being obvious in view of Nitecki et al. in combination 
with Chang et al., Ranney, Brash et al., Hilger et al., Kirpoitin et aL, and Platzek et al. This 
rejection is respectfully traversed. 

This rejection focuses on the disclosure in Nitecki et al. at column 2, lines 3 1-353 
regarding the possible use of contrast media, capable of marking the vascular space, in 
mammography. Particularly, the disclosure of Nitecki et al. concerns iodine-containing 
peptides. Nitecki et al. does not suggest that all contrast agents could possibly be used in 
mammography nor does Nitecki et al. suggest that any contrast agents is suitable for the low 
levels of radiation used in projection mammography. 

Applicants' claimed method is directed to projection mammography. As described in 
the specification, low radiation is commonly used in projection mammography. See, e.g., the 
bottom of page 5 and the middle of page 6. 

Enclosed is a copy of Fritz et al., "Scatter/Primary Rates for X-Ray Spectra Modified 

to Enhance Iodine Contrast in Screen-Film Mammography," Med. Phys. 10(6), Nov/Dec 

(1983), pp. 866-870. In the Introduction, the authors state: 

Investigation of the use of computed tomography (CT) in breast 
cancer detection has shown that concentration of 
iodine-containing contrast material by breast cancer is a very 
useful diagnostic sign. However, the use of CT body scanners 
requires rather high tissue doses compared with mammography 
and entails more expense and time. We are currently 
investigating the use of modified spectra in a mammographic 
imaging system to enhance the tissue-iodine contrast for 
detection of contrast material uptake. 
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Thereafter, at the end of the Discussion the authors conclude: 



At the current state of development, the cerium anode 
x-ray tube is limited to fluoroscopic techniques only. For 
conventional mammographic imaging, this might be adequate 
due to higher penetration of these photons. However, for 
contrast mammography the dual requirements of heavy 
filtration and scatter removal make the cerium anode tube 
inadequate for clinical imaging. New developments in anode 
construction and materials will be required to make it useful. 
The W/Ce system, however, has excellent promise as a tool for 
observing low-contrast iodine concentrations seen in work with 



Thus, at that time, no adequate method existed. The proposed W/Ce system has not 
been shown to remedy the problem. For example, see the comprehensive review article by 
Newstead et al. from 1995 (Radiographics, Vol. 15, No. 4, pp. 951-962, July 1995). This 
article does not mention contrast enhancement in x-ray mammography. 

It is respectfully submitted that the rejection fails to set forth sufficient motivation to 
modify the prior art disclosures so as to arrive at an embodiment in accordance with 
applicants' claimed method of projection mammography. Withdrawal of the rejection under 
35 U.S.C. §103 is respectfiilly requested. 

Respectfully submitted 
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VERSION WITH MARKINGS TO SHOW CHANGES MADE 



IN THE CLAIMS: 

Please add the following new claims: 

38. A method of projection mammography according to claim 19, wherein said 
intravenous contrast agent is a non-polymer iodine containing agent. 

39. A method of projection mammography according to claim 19, wherein said 
intravenous contrast agent is a non-peptide iodine-containing agent. 

40. A method of projection mammography according to claim 19, wherein said 
intravenous contrast agent is a monomeric non-ionic iodine-containing agent. 

41. A method of projection mammography according to claim 19, wherein said 
intravenous contrast agent is a dimeric non-ionic iodine-containing agent. 

42. A method of projection mammography according to claim 37, wherein said 
intravenous contrast agent is iopromide or iotrolan. 

43. A method of projection mammography according to claim 21, wherein said 
intravenous contrast agent is N-cetyl-N,N,N-triethylammonium bromide. 

44. A method of projection mammography according to claim 22, wherein said 
intravenous contrast agent contains a compound of an element of atomic nimiber 83. 

45. A method of projection mammography according to claim 23, wherein said 
chelate is (4S)-4-(ethoxybenzyl)-3,6,9-tris(carboxyatomethyl)-3,6,9-triazaundecanoic acid. — 
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TECHNICAL NOTES 



Scatter/primary ratios for x-ray spectra modifi d to enhance iodine contrast 
in screen-film mammography 

I 

Steven L Fritz» C. H. J. Chang, and William H. Livingston j 

. ^ . ^ ^ ■ 1 

Department of Diagnostic Radiology, Uniiterxity ofKansaSr College ofHeaixh Sciences and Hospital, Kansas 

City. Kansas 66103 \ 

(Received 1 1 August 1982; accepted for publication 26 July 1983) i 

Contrast mammography to detect the uptake of iodine-containing contrast material may be 

enhanced by spectral modification of the x-ray beam. Luminance scatter-to-prim ary ratios were • 

measured for three candidate x-ray tube anode/filter combinations (Mo/Mo, W/Ce, and Ce/Ce). 

Results show that scattered radiation is significant for all tubes, is lowest for the Mo/Mo system 

and is essentially the same for the tungsten and cerium anode systems. 

Key words: mammography, AT-edge imaging, contrast materials, x-ray tubes, scattered radiation 



INTRODUCTION 

Investigation of the use of computed tomography (CT) in 
breast cancer detection has shown that concentration of io- 
dine-containing contrast material by breast cancer is a very 
useful diagnostic sign.' However, the use of CT body scan- 
ners requires rather high tissue doses compared with mam- 
mography and entaib more expense and time. We are cur- 
rently investigating the use of modified spectra in a 
mammographic imaging system to enhance the tissue-iodine 
contrast for detection of contrast material uptake. 

The concept of incrc^ing the radiographic contrast of io- 
dine in the body by x-ray spectral modification and subtrac- 
tion has been extensively investigated in recent years, 
Typically, spectral modification is achieved by selective fil- 
tration of a bremsstrahlung spectrum to achieve a "quasi- 
monocncrgetic" spectrum with a mean energy close to the 
edge of iodine (33.1 keV). 

Cerium, with a i?" edge at 40.45 ke V, provides a reasonable 
balance between transmission of sufficient x-ray intensity to 
be useful and proximity to the K edge of iodine. The use of 
cerium as a filtration material has been extensively investi- 
gated by Kelcz, Mistretta, Kruger. and Ricdcrcr.^*^ 

This very attractive idea represents a complex compro- 
mise involving x-ray tube heal loading, differential transmis- 
sion above and below the K edge of the filter, patient thick- 
ness, resolution, contrast, noise, and scatter. Optimization of 
the x-ray filter requires reasonably precise knowledge of 
these imaging characteristics. 

This paper presents the results of luminance scattered ra- 
diation measurements on two quasi -monocncrgctic x-ray 
spectra being considered for contrast mammography and a 
conventional screen-film mammographic spectrum. The re- 
sultant measurements are compared with previously pub- 
lished data on scatter in mammography and the impact of 
scatter in mammographic imaging is discussed. 



METHODS 

The three x-ray anode/filtration combinations used were 
Mo/Mo, Cc/Cc, and W/Cc. Source characteristics are siim- 
marized in Table T. All x-ray measurements were madfeby 
exposing a vacuum bagged mammographic screen-film sys- 
tem [Kodak Min R/Ortho M) mounted on an optical bench 
system. TTie W and Ce anode tubes were powered by a Sie- 
mens Tridoros generator operating in the fluoro mode. The 
Mo/Mo source was powered by a CGR Senographe gener- 
ator, operating generally at 10 to 20 mA ' All exposures were 
done at 7.7 s. The W/Ce and Ce/Cc sources were both 
powered by a Siemens Tridoros generator operating in the 
fluoro mode. All exposures with either of these two systems 
were done at 2 or 3 mA and a 300-s exposure time. This was 
necessitated by the very low output of the Ce/Ce and W/Gc 
sources as indicated in Table I. Spectra from which the beam 
characteristics were calculated in Table I were taken with 
Canberra planar HpGe detector {Model 7110010) and a 
Canberra Series 80 MCA. 

Scnsitometry was performed on an x-ray optical bench. 
For various focus-film distance (FFD) values from 40 to 220 
cm, exposures were made to a set of small areas on a single 
sheet of film. Two scnsitometric curves were constructed. 
One for the Mo/Mo source was done using that source and a 
7.7-s exposure time. A second curve for the W/Ce and Cc/ 
Ce sources was made using the Cc/Ce source and a 300-s 
exposure time. Optical density measurements in the exposed 
areas were made with a Tobias TBX point densitometer. 
Corresponding x-ray intensities were measured with a 
Keithley 96035 ionization chamber and a KcithJcy 602 clec- 
irometer. Relative intensities were also compiiled using ^hc 
inverse square law and attenuation of the measured output 
spectrum by air. Both measurements gave virtually identical 
values. The resulting curves of log exposure vetTiUS optical 
density were plotted on an absolute exposure scale for 7.7- 
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Table L Charticterisucs of Three contrast mammography x-ray sources. 
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ind 300-s exposures to observe the efFecl of reciprocity fail- 
ure. From this scnsitometric data^ experimental log expo- 
WTc values were computed by semilog interpolation. The 
7.7-s curve was used for all exposures with the Mo/Mo sys- 
tem and the 300-s curve was used for both Ce/Ce and W/Ce 
aposures. 

The approach to luminance scatter measurement which 
WIS used is illustrated in Fig. L A small lead disk (A) was 
entered in a 5-, 10-» or 15-cm-diam field at the surface of a 
variable thickness polyethylene phantom (B). The density of 
the polyethylene was 1.0 g/cm^. Images were obtained for 
disk diameters of 14, 7, and 5 mm with a mam mo graphic 
rare earth screen-film system (Kodak Min R/Ortho M) in 
direct contact (C) with the phantom (B). For each fllrn, the 
optical density was measured beneath the lead disk and at 
four points outside the disk in close proximity. From these 
optical density measurements and the sen si tometric data, 
ihc primary and scatter components of screen luminescence 
vere calculated. Extrapolation of the scatter/primary {S /P ) 
ratio to zero disk size was used to arrive at a value of S /F for 
ibe selected field size and thickness. 

RESULTS 

Seiisitometric curves for 7.7- and 300-s exposure times are 
shown in Fig. 2. Also shown in Fig. 2, at an arbitrary point 
: ©the log exposure scale, is a simulated sensitometric curve 
! applied by Kodak for a 0.5-s exposure. There arc small dif- 

tences in the shape of the curve at various exposure times, 
^ d substantial differences in speed for the two measured 
rves, due to reciprocity failure. 




Luminance scatter/primary ratios arc shown in Figs. 3-5 
for the three sources examined and the three different field 
sizes tested. Phantom thicknesses are shown as the product 
of material density and thickness to facility the comparison 
with other published values. Figure 3 also includes data from 
Barnes and Brezovich* for scatter from a Mo/Mo system at 
32 kVp and 14-cm field diameter. The 5" //'values measured 
in this study are somewhat higher than those observed by 
Barnes and Brezovich, and a representative value of the dis- 
crepancy is illustrated in Table II along with S/P values for 
the cerium filtered systems at the same phantom thickness. 
Both Ce/Ce and W/Ce systems exhibit substantially higher 
i?//* values than the traditional mammographic systems. 

In all systems examined, the data were consistent^with 
previous findings^ that luminance scatter/primary ratio in- 
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0. I. Experimental geometry for scatter measurement. Consists of colli- 
ucd x-ray tube, beam blocker (A), scnllcring phantom (B), and scrcsen/ 
1 system (C). 



FiC. 2. Scnri tometric curves for Kodak Min-R screen with Kodak Ortho-M 
film. Data for 0.5-s exposure time (J-^ ] was supplied by Kodak From <!imu- 
lalion srudies. Experimental data was taken for this report for exposure 
times or7.7 (•-•) and 300 s (O-O). 
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-FiO. 3. S/P ratios for the Mo/Mo system ar 30 kVp. O-O 15-cni field 
diameter; 9-4 lO-cm field diameter; A-A S-cin field diameter; M-^M I^m 
field diamcicr [Bamca and Brezovich (Ref 6)]. 

creases Jinearly with absorber thickness, and for a constant 
thickness plateaus with increasing field size. 

DISCUSSION 

The intensity of scattered radiation has long been known 
to be significant even at mammographic energies; Lumin- 
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Fig. 4. 5//* ratios for the W/Ce syslcm at 55 kVp. O-O 15 -cm field diame- 
ter: lO-cm field diameter: 5-cm field diameter 
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ance scatter intensities observed in this study are somewhat 
higher than those observed by previoiis researchers,*"" 
whose work was summarized by Barnes.^ In particular, al 
5.95 g/cm^ Barries and Brezovich* observed S/P = 0.7 1 for 
a l4-cm field diameter. Interpolation in Fig. 3 gives a value 
o[ S/P — 0.83 for a 6 g/cm^ polyethylene phantom. Since 
polyethylene has *-8% higher electron density than poly- 
methylmethacrylate (Lucitc) used by Barnes and Brezovich 
and since the difference in field sizes accounts for a small 
difference in S/P, this discrepancy is not considered signifi- 
cant. 

At the higher average energies of the Ce/Ce and W/Ce 
spectra, S/P was considerably higher than for the Mo/Mo 
spectrum. It is conventional wisdom that scatter/primary 
fluence ratios increase with increasing energy throughout 
the diagnostic energy region, particularly at low kVp values. 
Yet Kalender*^ has shown that even though scatter/primary 
ratio measured by screen-film scnsitometry .may rise with 
increasing energy, the scatter/primary fluence ratio may re- 
main constant or even decline slightly. This is due to the fact 
that the difference in energy between scattered and prinjary 
photons, and therefore the difference in absorption effi- 
ciency, increases with increasing energy. Thus it becomes 
important to distinguish between luminance scatter/pri- 
mary ratios, as measured in this work, and flUence scatter/ 
primary ratios, a^ measured, e.g., by Dick et al}^ \ 

It is not clear what the relationship is between scatter and 
primary x-ray fluence below 30 keV. It may! increase ^tith 
increasing energy" or remain constant. Ho\^ever, the data 
are in agreement that recorded S/P at these energies -for 
screen—film imaging systems increases with increasing ener- 
gy. Thus scatter will degrade image quality more for quasi- 
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'Reference 16. 

monoenergetic spccira than for conventional film mammo- 
graphy sources. 

In the Appendix, it is shown that for quantum mottle- 
limilcd systems, the minimum observable contrast will rise 
linearly as + \SfP]. Dose must rise in proportion to 
[1 + to maintain a constant signal-to-noise ratio 

(SNR). For subtraction imaging, a common tool for observ- 
ing minimal amounts of contrast material, the SNR degra- 
dation is worse. In subtraction imaging^ the quantum mottle 
associated with scattered radiation remains in the subtracted 
image even though the average intensity of scattered radi- 
ation may cancel. This requires a higher dose for a subtrac- 
I lion image than for a nonsubtracied image with the same 

Fortunately, image quality may be improved substantially 
by removing scattered radiation. Grids accomplish this at 
the cost of increased dose. Dames et qI}^ have shown that 
scatter can be reduced to very low levels in mammographic 
imaging through the use of a scanning multiple-slit assem- 
bly. The advantage of this approach is that the dose to the 
patient need not be increased as a consequence of scatter 
removal. The disadvantage is a substantial increase in x-ray 
lube heat load. 

At the current state of development, the cerium anode x- 
ray tube is limited to fluoroscopic techniques only. For con- 
ventional mammographic imaging, this might be adequate 
due to higher penetration of these photons. However, for 
contrast mammography the dual requirements of heavy fil- 
tration and scatter removal make the cerium anode tube ina- 
dequate for clinical imaging. New developments in anode 
construction and materials will be required to make it useful. 
The W/Ce system, however, has excellent promise as a too] 
for obsefving low-contrast iodine concentrations seen in 
work with the CT/M. 

SUMMARY 

Luminance scatter-to- primary ratios were measured for 
Mo/Mo, W/Ce, and Ce/Ce anode/filter combinations us- 
ing a polyethylene phantom. The Mo/Mo S /F measurc- 
flients were somewhat higher than previously reported val- 
Btcs for Lucite phantoms. S/P values for the cerium-filtcrcd 
Itpcclra were substantially higher, making scatter removal 
Borc important for these spectra. 
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APPENDIX: THE EFFECT OF S/P ON SIGNAL-TO- 
NOISE RATIO ON IMAGES MADE WITH A 
MONOENERGETIC X-RAY SOURCE 

The fundamental limiting factor in radiographic SNR is 
photon Auence. For a radiographic image produced by a 
monoenergetic source, the flucnce is given by 

A^, =A^p+VV„ (Al) 

where iV, is the total photon fiuence, is the primary pho- 
ton fluence, and is the scattered photon flucnce. Assum- 
ing that the signal seen against this background does not 
perturb the scattered photon fluence, then 

n:^n;^n,: (A2) 

where yV; is the total photon fluence behind the target giving 
rise to the signal and TV^ is the primary photon fluence be- 
hind the target. TTius the observable signal f2 is given by 

= N;~N^ ^AN^. (A31 

Assuming Foiss^n statistics for the photon flucnce, the noise 
in the target area is given by 



Designating the "noise" as cr, then 



1 + 



p 



(A4) 



fA5) 



I 



In the absence of scatter, 

SNR = ilA^^/V5\r. I I {A6) 

Thus the SNR is reduced by scatter by the multiplicative 
factor i/Vl -^{S/P). To restore the SNR to its value with- 
out scatter, (and dose) must increase by [1 + (5//? )]. 

For subtraction systems, the situation is even worie. In a 
temporal subtraction system, two images which are identical 
save for the introduction of a .*imall contrast change ar'e com- 
bined to create a difference image with very low background 



ledlcal Physics, Vol. 10. No. 6, Nov/Dec 1963 



670- 



TecHrilcarhibtea: Fritz. Chang, a^Tlvlnsston: Modified acatttr/prlmary ratios for di^^stlc x-ray specrra 



^70 



to improve the contrast and remove sTructurcd noise. The 
background in each of two such images is 

A^r/=^p;+^„, /-=1,2. (A7) 

The background flucncc in the subtraction image is there- 
fore 

A', _ = {N^^ - N^, ) + N„ ). (A8) 

Similarly, ihe signal fluence in the subtracted image is 

A^; = (^;= -A';,) + (7V,, -A',,) (A9) 
and the observable /2 — is 

= /2,-/2,. (AIO) 
The noise in the target area of the subtraction image is given 

by 

<7^_ = + VV„ + + A^, . (All) 
Assuming that [S/P ), s (5 /P I,, we have 



(AI2) 



Thus the SNR of a subtraction image, compared to an un- 
subtracted image without scatter, is degraded by 1/ 
V2[l +{5/P)]. Furthermore, if both /2, and have the 
same sign, then \f2 — | <J2y, where J is the subscript of the 
image with highest presubiraction contrast. Thus to obtain 
SNR in the subtracted image equal to the SNR in the origi- 
nal image without scatter requires an increase in dose by ai 
least a factor or2[l -h (S/P)]. 

For polychromatic x-ray beams, it is the variance in ener- 
gy absorbed which is of interest, not simply the number of 
photons. However, for quasi-monoenergctic spectra with 



small energy variance, the monoenergctic approximation ' 
reasonable. , 

In the event that dose is not increased to compensate fckr : 
scatter, then SNR decreases by the appropriate factor. For 
quantum limited detection problems, where a threshold 
SNR determines the minimum detectable contrast for a giv- 
en object, the minimum detectable contrast increases with 
increasing scatter. For the single image case, the minimum 
detectable contrast rises as yl\ + \S7P). In the case of a sub- 
traction image, the minimum detectable contrast rises with 
V2[l+{5/P)T. 
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Critical Pathways for the Future: MR Imagiiig and 
Digital Mammography^ 

Gillian M, Newstead, MD • Jeffrey C Weinreh, MD 



■ INTRODUCTION 

Breast MR imaging is one of cfae most promising 
and controversial areas in breast imaging today. 
The promise lies in the possibility thai MR im- 
aging may allow detection of mammographi- 
cally occult cancers and play an important role 
in the evaluation of patients with postsurgical 
ciiangfcs and in patients in whom mammogra- 
phy is of limited use, such as those with radio- 
graphically opaque breasts. MR imaging is gen- 
erally accepted to be the most effective method 
of asscsang the integrity of breast implants. 
Many physicians arc skeptical about the useful- 
ness of this technique and suggest that MR im- 
aging may not provide cost-effective informa- 
tion that will ultimately afiEiect patient treatment 
and outcome. There arc some biologic and 
physical limitations that radiographic imaging 
of the breast is hot likely to overcome. The in- 
troduction of intravenously administered gado- 
linium contrast agents, dedicated breast radio- 
frequency coils, and faster imaging techniques 
has significantly changed the diagnostic possi- 
bilities. Enhancement and morphologic charac- 
teristics may be used to differentiate benign and 
malignant lesions, and some investigators have 
stated that the absence of an abnormal finding 
on MR images is a reliable means of excluding 
carcinoma (1). ' 

Many experts predict that the development 
of digital technology for breast imaging will re- 
sult in significant improvement in mammogra- 
phy. The advantages of digital techniques iii- 
cludc amplification of subject contrast and a 
wider dynamic range, allowing greater variation 
in exposure factors. Image processing tech- 
niques allow manipulation of images to en- 
hance the conspicuity of subdc lesions. Re- 
search is currently directed toward the develop- 
ment of detectors for whole breast imaging and 
the design of display systems that meet the 



higher spatial requirements ijpcded. Additional 
advantages include more efficient image storage 
and the ability to transmit images to remote 
sites. These systcnas must be cosi-efiFective to 
achieve widespread clinical use. Computer- 
aided diagnosLs — the use of digital technology 
to assist the radiologist — may perhaps prove 
useful in the future. 

■ CONTRAST-ENHANCED MR IMAG- 
ING OF TOE BREAST 

• Teclmiques 

Most invasive breast cancers enhance rapidly 
and profoundly after intravenous injection of 
gadolinium contrast agents, and this enhance- 
ment makes them conspicuous on MR images. 
These contrast agents are distributed in the ex- 
tracellular space after intravenous injection and 
tend to accumulate in tissues with rich vascu- 
larity (2). The secretion of tiunor angiogenesis 
factor promotes the recruitment of new blood 
vessels, resulting in the higji vascularity of most 
breast cancers larger than 1 cm in diameter. Be- 
nign lesions arc relatively pooriy vascularized 
C3)- Generally, breast cancers enhance more 
rapidly and profoundly after bolus injection of 
paramagnetic agents (4,5). Other factors likely 
accounting for the enhancement patterns of 
breast cancers include an increase in capillaiy 
permeability, changes in osmolar pressure, and 
expansion of the interstitial space (2,6). 

There are marry different techniques re- 
ported for the performance of breast MR imag- 
ing. No standard, unh^crsally recognized meth- 
od exists, and the various techniques available 
are varied and complex. It is gcneraUy accepted 
that Tl-weighted sequences performed before 
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anO aficf injection of tyulolinium conirast 
Tcn^s urc required to detect unci charactmze 
lesiotts Various praUient-cclio :.nd sp-n-cc ho 
cchniqt.es have bcc« t.scd (-- lOy Htsh-reso u 
tu!' t.chniqt,<:s ,Oi.cthcr with rapid .cqt.tsu.oo 
and l;.t suppression have been advocated h) 
H:irnis ei :il ( I D TNVo-dimensional imaging 
studies with excellent rcst.lt.s have been --c- 
portcd- however, ihree-dimensional tec hmqtte^ 
are prob;.hh- prefer:.blc. they provide hi^h 
s unaUo-noi^^' hi>:h.re*o.ut,.>n ,nv 



ages expeditiously. .Molripb.vtr rch.m.utted im- 
tce.s allmv cxccUcnl apprceiaiion of -spat.al rela- 
tionships (8). Mosi techniques uim to Strike a 
balance between spatial and temporal rescla- 

^'°The breast imaging technique u.sed for mo.si 
hreist examinations ai our institution provides 
excellent imaye quahty. Coronal ""^'5?",^;;= 
tamed before injection, and ima5:e ^^^^^'^^^ 
repeated five tinurs alter administration ol con- 
trast material with an acquisition mainx of 96 x 
(in-plnne ;<patial n-sokition. 1.2'i ^ \ ^ l -« 
uim) bvusinu a ihrcc-.limensional spoiled prad,- 
cnt-ceho sequence (fast low-angie shot, repcf 
lion lime of 14 s.-. onds. echo lime ot - msec. 
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flip angle of 25^ and one sii;nal averaged). Hach 
sequence produces a set of 64 2.5.aun-diick 
scciiun.s ill less than niinucc>\ wirh a total 
imaging; rime of less dian 1 0 niinuxes. Maxi- 
mum-inrenMr)- projection can be performed on 
Ihc .subtracted data sets to distinguish ciihunc- 
ing lesions from blood vessels. iMuHipianar re- 
constn»ctioa can also be performed on any of 
Che data seLs to produce three-dimensional inv 
agcs. Information about the rate and degree of 
enhancement of a lesion can be obtained by 
placing a region of interest on the area of con- 
cern and generating enhanccmeni curv^es 
which graph the .sr>4nal intcnsitv at six points in 
rime. 

• <^'haracteri/,ation of Breast Lesions 

It has been reported that brca.c;t cancers en- 
liance consistently with gadolinium cnninisi 
•»«ents (Fig 1) and that most benign lesions en- 




hance Skswly or nor at all (4, 12). hi one series 
of 1 1 9 documented breast cancers (reponed 
in a non-peer-rcAiewcd pubHcaiioh), 100'^^. 
showed at least 90% enhancement during the 
1st minute, and maximum signal intcnsitv was 
reached wiUiin 2 minutes. Enhancement then 
tended to plateau, with some cttnccrs suhse- 
quently showing a slight increase or decrease. 
There is good evidence that breast carcinomas 
tend to cnliance faster, and washout earlier, 
than benign tissues (10,12). Tlie problem is chat 
benign and precancerous tissues also enhance. 
These tissues include fibroadenoma (Fig 2). 
nonprolifenitivc and proliferative fibrocysuc 
changes C^'ig 3). 2nfIamrturor>> change, fresh 
scar, sclerosing adenosis, lobular carcinoma in 
si(u, and atypical ductal hypeq:*Iasia (4. i l ), 
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f-igu« ^. Fibr..cv-sn.; ch.ng. in a S9 year-old .sympiomatu: worr...v 

(a) Screening marmiosrurn shows an a..vmmciric- opaa.y .n ihe Ich hrcaM ^ 

(b) subtraction imasr dcm<«>stn.tcs difh-sc enhanccmcat of Unc i.r.^ ot ...synv 
nin^ opacirv. wiih muKiplc. c:entr..l. rounJcd. uncnh.ncing areas. ...h:m«. 

cn. was dUTuso .nd not brisk .-s seen vvith lypical car.-.inom.. Pro acra- 
i^^ nbroc:y«.c chansc^ ^^•itl1 some au-pia were r..unO core h.op>r. H.m.v 
logic: examination alter cxc.sional biopsy revealcO ribroeyst.c cl.anpc wuh 
miUI atypia. 





Ficufc 4. Dticial earcinoma in a 65 year^.W woman w.th a palpable 
mass in thr lcft brc^.t. (a) Nlammcwam (cranincand^l view) demon- 
struc; three spieutaieO masses, (b) ObU^i.c maximum-imcnsirs' pr..,cc- 
lion .maKC from the M.birtictcd data set shcm .* three cnhuncng n«ssc.s 
wah irrct-ular niarRins. Hic final histclogie diagnosis was niult.cenir.0 .n- 




U has ;ilso been shtiwn ihni some cancers cn- 
h;uK'c slowly or not at all (lO.l .-^,14). A pattern 
of rim cnhanccfncnt has been norcd in cancers 
but not in bcni^a rumors C.IOJ 5) CTiji UO. A rc- 
c^cni sUKlv ( UV) dcsijincd lO use y T.cnipt>ral reso- 
Uirion of 2 seconds showed that bcnii;n Ifsions 
iniiially cnhuncctrccntniHy bm c^icers civ 
hanced from rbc penphcn' tl^^ cciiur. Most 
cancers orhibii irregular margins (F\us i. S). 
whereas benign lesions soch as (IbroadciM)ma 
oficn have smooTh. lobuiated borders in- 



lemal septations (13) CHi^ 2c). If ihc lesion en- 
hancement rate and paut-rn are considered, icv 
t;erher wiih the lesion morphology, more pre- 
cise discrimination will be possible. 

• Aj^sessment of the Prcoperutive 
lireasi 

1;; ir possible ihai MR imaging can enable more 
accurate assessment of ihc size, margins, num- 
ber, and location of brcasr cancers and thus al- 




c 



figure 5- OuctaJ carcinoma in a 
year-old asymptomatic woman. 
CaD Screening mammogram (medio- 
iatcraJ obUque view) of the righi breast 
demonstrates an ill-defined opacity with 
calcifications in ihc superior aspect of 
Che breast, (b) Mammogram (spot mag- 
nification view ill the craniocaudal pro- 
jection) shows a BB maricing the sit^ of 
the skin lesion, (c) SagitiaJ subtraction 
gadolinium-enhanced MR image ob- 
tained as part of a research protocol 
shows irreguJar enhancement corre- 
sponding to the mammof^phlc find- 
ings. Histologic examination rcveaicd an 
1 1-mm-diameter invasive ductal carc±io- 
ma with an extensive intraductal com- 
ponent (high nuclear grade). 



low more accurate preoperadvc imaging ev-^ua- 
tion? Multifocaliry and multiccntricitj' of breast 
cancer is found with MR imaging in many pa- 
tients with a unifocal mammographic lesion . 
Several investigators havc^hownrliat MR imag* -* 
ing IS more serisitive in detecting additional le- 
sions in these paacnts (S, 17). It is postulated 
thai this reported improvemciu in sensitivity 



compared with mammography may resuk in re- 
assessment of treatment options and perhaps 
reduce the likelihood of rumor recurrence by 
providing the s-urgeon with a more accurate es- 
timatjon of tumor extent. In one study (18) of 
18 such patients with breast cancer, the results 
of MR imaging caused the planned treatment to 
be changed in nine cases because of new intbr- 
mation about size, multifocaliry, mulucentricity, 
and chest wall invasion. However, unless reli- 
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able criteria arc developed lo distinguish bc^ 
rween benign and maUgnant enhancing lesions, 
use of MR imaging evaluation could result in in- 
appropriate therapy. 

MR imaging may be useful for evaluation of 
patients with axillary nodes positive for adeno- 
carcinoma and normal mammographic and ul- 
trasound (US) findings C17,18). Identification of 
the primary lesion might allow more limited 
surgery and provide important histologic infor- 
mation for therapy planning. MR imaging is also 
useful in assessing paUents treated with prcop^ 
erative chemotherapy. Pre- and posttreatment 
images are compared to determine response to 
treatment more accurately (19). 

• Assessment of the Posttreatment 
Breast 

Early detection of local recurrence improves 
long-term survival, but mammographic evalua- 
tion of these patients is often difficult. Promi- 
nent enhancement of nonneoplastic tissues up 
to 9 months after therapy has been reported; 
however, from 9 to 18 months after treatment, 
MR imaging can be used to detect or exclude 
recurrent tumor. In one series, there was no sig- 
nificant enhancement after 18 months in 30 of 
32 cases whereas diffuse enhancement was 
noted in all recurrent tumor C20,21). These ini- 
tial encouraging results suggest that MR imag- 
ing wiU likely become an important adjunctive 
diagnostic method for evaluation of the post- 
treatment breast. 

• Evaluation of Breast Prostheses 
Evaluation of the integrity of breast implants ac- 
counts for a large percentage of breast MR im- 
aging examinations- The complications of ali- 
conc gel implants include capsular fibrosis. CTl- 

cification , and contraction with subsequent 
liardening and cosmetic defonnity. SiHcone can 
migrate through the outer envelope of the im- 
plant via a frank rupture or bleed throng an in- 
tact envelope. Free silicone can enter the sur- 
rounding breast tiss^ue and migrate via lymphat- 
ics to local lymph nodes or to distant parts of 
the body C22). Immune-related diseases have 
been reported to be associated vsdth the prcs^ 
encc of free silicone in some patients (23). 

More than 1 million American women have 
undergone breast augmentation procedures. 



with a variety of silic nc implants placed in the 
breast for cosmetic or reconstfuctive purposes 
C24). These implants arc usually single lumen or 
double lumen (bn which the silicone shell is 
usually surroimded by a saline bag) and consist 
of an envelope of Silastic elastomer (Dow Com- 
ing, Midland, Mich) filled with siUcone gel. 
They arc placed in cither a reupglandular or 
subpectoral location. MR imaging is uniquely 
suited to image silicone and silicone implants, 
and reports suggest that MR imaging may allow 
the most accurate assessment of implant status. 

There are multiple possible approaches to 
MR imaging of silicone, and these depend to 
some extent on the equipment and sequences 
available. At our institution, we currentiy po^ 
form a number of different complementary se- 
quences and achieve reliable images for the 
thorough assessment of implants. The patient is 
imaged in the prone position with a bilateral re^ 
ceivenonly dedicated breast coil. A scout sagittal 
image is obtained. foUowcd by performance of 
an axial T2-weighted hybrid rapid acquisition 
with relaxation enhancement (RARE) Oc, turbo 
spin-echo) sequence through both breasts and 

the axilla (repetition time of 5,000 msec, echo 
time of 180 msec, 5-mm section thickness. 190 
X 512 matrix, 350<m field of view). The final 
sequence performed is a frequency-selective 
water-suppressed T2-weightcd hybrid RARE so 
qucnce in which ^cone and fat have high sig- 
nal intensity. J e ^ 
Nonmai implants have smooth, wcU-<lefined 
mar^uDS, and surface radial folds arc often vis- . 
ible. Double-lumen implants arc easily identic 
Bed. Knowledge of die type of implant is help- 
ful in image interpretadon- An intact single- 
lumen implant may mimic a double^hroen im- ; . 
plant with a collapsed outer saline envelope. ^ 
An intracapsular rupture is defined as an cnve--; 
lope rupture witii pieces of free-floating t : 
cone sbcU noted within the gel cont^^ed .bf :f ■ 
the fibrous capsule. This has h^callcd.tiie ; ; 
-linguine sign," with mtdtiple curvilinciai^sun^c- 
tures noted within the silicone on MR images 
C25) CFig 6). Another sign of intracapsular rup- 
ture is the -water droplet sign' or salad oU 
sign,' with multiple droplets of fluid of extrar 
capsular origin or from a surrounding saline en- 
velope noted within the silicone implant lumen 
C26). Extracapsular rupture is defined as leak- 
age of silicone be>-ond the confines of the fi- 
brous capsule. Such rupture is seen easily oh 
MR images and often also on mammOBrams and 
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Flgune 6. Unguinc sign in a 56-ycar-oId woman 
with rctroglandular silicone implants placed 15 
years ago. Sagittal T2-wciglued spin^cho MR im- 
age (repctlrion time rnscc/echo time msec = 
4,750/120) obtained for asiicssment of implant 
status shows evidence of an intracapsular rup- 
ture, with pieces of the implant shell floating 
within the silicone. 



US scans. Irregular implant contour, adjacent 
fluid collections, or bulges are unreliable signs 
of rupture (26). 

• MR Xmaging-guided Biopsy 

Use of MR imaging-guided needle biopsy sys- 
tems may be necessary, particularly when a sus^ 
picious lesion is visible only on MR images. Sev- 
eral systems have been developed, most of 
which employ a unilateral radio-frequency coil 
with perforated compression plates. The breast 
is imaged, and the coordinates of the lesion are 
determined from the images. The needle is then 
inserted through the appropriate apcrrure, and 
the patient is reimaged to confirm accurate 
needle placement. The current systems under 
study appear to be adequate for placement of a 
wire for locaJization before surgical excision in 
most cases. Further refinements appear to be 
necessary for reliable performance of MR 
imaging-guided fine-needle aspiration or core 
needle biopsy. Computer-driven needle-guid- 
ance sy.stems and a full range of nonferromag- 
netic needles and biopsy guns are not yet avail- 
able. 



• The Future 

At this time, and for most applications, brca.<;T 
MR imaging is in the investigational stage. The 
advantages of tills technique include the ab^ 
scnce of ionizing radiation and the deteciDon of 
mammographically occult lesions. MR imaging 
examinations of the breast are currendy per- 
formed with * wide variety of*techniques, coils, 
and field strengths. Imaging protocols, postpro- 
cessing techniques, and biopsy systems arc be- 
ing evaluated. The cost-effectiveness of MR im- 
aging must also be studied, and a cost-bcneGt 
analysis wiU be needed before, breast MR imag- 
ing examinations become uniformly reimburs- 
able. 

A controUed study with careful comparison 
of conventional breast imaging, MR imaging, 
and pathologic correlation has nor yet been 
completed, to our knowledge. Further research 
may lead to a better understanding of breast 
pathophysiology and perhaps ultimately pro- 
vide an improved method for die detection, 
characterization, and possibly treatment of 
breast cancer. 

■ DIGITAL MAMMOGRAPHY 

• limitations of Screen-Film Mam 
mography 

Conventional screen-film mammography is cur- 
rently the most effective method for detection 
of smaU breast cancers. Use of mammographic 
screening has shown that the absolute monality 
from breast cancer can be reduced by 30% (27). 
Significant improvements have been made in 
mammographic technology since the eariy de- 
velopment of mammographic tecliniques, such 
as those reponed by Egan (28). Screen-film 
mammography has greater sensitivity and speci- 
ficiry for detection of breast cancer than any 
other diagnostic technique available today. The 
development of improved rube designs with 
small focal spots and improved screen-film com- 
binations, grids, and film processing has re- 
suited in better image qualii>' and lovircr patient 
dose (29). 
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Ricnirr. 7 Use of incrcuScd coninLSi scnsiuviry in a 68.yearK»0 woman widi a paip;iblc inass in the in- 
Figure 7. y^^;^™ , . MammoHrani (spot mugnification view) show, a mukifocal spxc- 

SLr^^:lL.C^ in.age procc.s.ng shows the ^piculntcd masses (arrows). 



M:in\mogrAphic film techniques provide 
good spatial resolution and high<ontrast im- 
ages of lis-sucs with inherently low contrast. 
I he film functions both ^ the image acquisi- 
tion detector and the display and storage 
mechanism. The major technical limitations in- 
volve compromises in image contmsi and lati- 
mdc, as well as film granularity (3031)- Hijdv 
coninist images arc essemi'.il for detection of 
small cancers bcciiuse the x-ray attenuation 
properties of benign and malignant tissues are. 
vers' similar X3 2). Film has a nonlinear response 
to light emitted from a phosphor screen, and a 
toiitcd range of optical densities can thus be 
displayed. The detection of all rynpes of breast 
lesions is limited by inherent film noise. Film 
granularity is a major source of noisy in^agcs; to 
overcome this problem, an increased radiation 
dose is often needed C33)- 

• Advantages of Digital Mammogra- 
phy 

Digital mammography has many potential ad- 
\'antagcs over conventional scrccn-fdm tcclv 
niques. especially in terms of unage display, 
processing speed, and imrtgc transmission 



('34,35)- Digital systems acquire, display, and 
store the images independenily; therefore, each 
of these functions can be optimized individu- 
iilly. Manipulation of images with intcnictivc 
windowing and filtration can enhance certain 
structures and improve lesion conspicuity. The 
major ccmsidcrations for the design of a digitid 
mammography system are contrast sensitivity 
and spatial rcsoKuion. Tlic limiting spatial reso- 
lution of most screcn-fdm systems is approxi- 
mately 20 line pairs per millimeter (ip/mm). 
However, there is evidence that, despite the 
lower spatial resolution of digital systems (typi- 
cally < 10 Ip/mm). lesion conspicuity can be 
improved by means of increased contrast sensi- 
tivity C30) (Fig 7). 

• Small-Field Detectors 
Digital mamn^ograpliic s>'Stem5 with a small 
field of view are used widely today for stereo- 
taxic breast biopsy. These systems use a charge- 
coupled device image sensor that is coupled to 
an x-ray intensifying screen with either a fiber- 
optic cable or a lens. \ phosphor screen is used 
ro convert the iniages to light in bodi types of 
systems. Tlic image produced is then recorded 
by a chargc<oupled device camera rather than 
by film. Tliese s>'Stems have a small field of 
view (5 em) and adequate spatial resolution (U) 
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Figure 8. Use of a s^lal^flclcI detector in a 52-yearr 
old woman with a 13-min-diaineicr lobiilaied nodiUc 
dciccred on a screening mammogram, (a) Coned 
compression magnified digital mammoKram obtained 
in the prone pcsiUon before stereotaxic biopsy shows 
a Jesion. Cb) Stereotaxic majDmograms obtained dur- 
ing fine-ncedle aspiration show the needle placed 
centrally in the lesion. 




Ip/mm). Manufacmrers of such systems include 
LoRad Medical Systems (Danbury, Conn) and 
Fischer Imaging (Denver, Colo). The digital ca- 
pability greatly decreases procedure time, and 
Che abilicy to cnliance the images improves le- 
sion conspicuiry (Fig 8). 

• Pull-Field Detectors 
Ongoing research is now directed to the devel- 
opment of full-field digital mammographic sys- 
tems. The main focus of these efforts involves 
detector design. The requirements include effi- 
cient absorption of and a linear response to the 
incident radiation beam. Adequate spatial reso- 



lution (10 Ip/nim) and an 18 x 24-cm field of 
view are necessary. An acceptable imaging time 
is also a significant consideration. Demagnifi- 
cacion camera systems provide a method of ob- 
taining a full-field digital manmiogram by cou- 
pling a large-area phosphor to a small-area pho 
todeiector (charge-coupled device) via a lens or 
fiberoptic cable. The principal problem with 
these systems is inefficient optical coupling, 
causing imaccepiablc signal and noise charac- 
teristics (36). 
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Figure 9. (.:i)mp;» rison of convcntiotial mumnn »jif:"n 
cnudal views). 
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Another approach under considcrtition in- 
volves vise of plKinosTimulable phosphors. Hlcc- 
irons in the phc^sphor arc excited by the x-nu- 
beam, captured, and stored in tn^ps in rhe phv)s- 
phor cr>^srals. An im;i£>c is produced by scan- 
iiing the phosphor piaie with a focused laser 
beam. *i*his 5>'SLem currently lacks adequate spa- 
tial rciiolmion for niammagniphy (37). Ai^ior- 
phous selenium dctcciors :xrc also being devcl- 
oped. Selenium c^n be used to produce an elec- 
irostatic image with high resolution. The dii;ii;il 
image is acquired by scaiining a laser beam over 
ihe selenium plate C:^8). Urge-area detectors 
rhat use ;iniorphous siliccm are also under inves- 
tigation and may uUiniately provide suiuvblc 

digital images. 

Alternative mcthodii lo use of large -area de- 
lectors TO produce full-field disiital mammo- 
griuiis are under investigation. A small-area dc 
lector, together with the radiurion beam, is 
scanned acro.ss the breast to build a full imatic. 
r\\c advantage of these systems is that the cur- 
rent digital technology, with an adequate sp;i- 
liiil resolution, signal-to-noise niiio, and dy- 
namic range, can be used to build the image 
(Tigyy However, sequential im:ige acquisition 
inere:ises the exposure time. Scaticred radiaiitm 



at the image receptor is less of a problem than 
with full-area cletcctor systems because only a 
fraction of the breast is irradiated at an\' ttnic 

• Computer-aided Diagnosis 

f:onii'>uier-;»idcd diagnosis (CAD) is an intrij^u- 
ing concept. Invesiigators at the L]niversir>' of 
Chicago are exploring the possibility^ of using 
( :aD to identify lesions missed by human ob- 
servers. CAD is designed to alcn radiologists to 
the site of a possible lesion. Studies hax c shown 
that the diagnostic accuracy of image interpre- 
tation by radiologists can be improved with the 
aid of compuienzcd analysis techniques. The 
aims of CAD are to improve the sensitivity of 
mammography by increasing the detccri(m of 
signincani lesions (40). Computers can scan an 
image consistenth'. and the computer analysis 
could be used b\' the radiologist as a ".second 
reading." CAD is in the development pliase. and 
widcsprciKl use is not likely to uccur until 
whole-breast direct digiia) mammographic sys- 
tems are available. 

• The Future 

It seems likely thai full-field digital munimo- 
urapliic svMcms vx ill ultimately be de\-eloped. 
The ahiliry to archive, retrieve, and display 
high-qualitN' mammogrmis with a digiial sysicm 
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o&rs cnorinous benefits for improving practice 
efficiency. Remote transmission of these images 
would aUow off-Site interpretative and consuJta- 
tive semccs. Further research is needed to de- 
termine whether digital mammography and ro 
lated technology wiU improve breast cancer de- 
tection in the future. 
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